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Abstract
To achieve the thermonuclear fusion systems, the physical properties of warm dense matter (WDM) are key parameters.
In this paper, we review the evaluation of physical properties in WDM by using pulsed-power discharges. To evaluate
the thermal conductivity for a divertor wall in magnetic conﬁnement fusion, we investigate a semi-empirical evaluation
based on the experimental values for electrical resistivity. The results indicate that, in the region between the interme-
diate degeneracy and the non-degeneracy, the evaluated thermal conductivity has an inﬂection point. To evaluate the
electrical resistivity for the fuel target in the inertial conﬁnement fusion, an isochoric heating by using pulsed-power
discharge in the pressure vessel has been demonstrated. The results indicate that the electrical resistivity in WDM for
gold is 100 μΩ ·m at 0.1ρs(ρs: solid density) of density and the internal energy is 1 MJ/kg.
c© 2014 Published by Elsevier Ltd.
Selection and peer-review under responsibility of the Tokyo Institute of Technology.
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1. Introduction
To achieve gains from thermonuclear fusion energy, we consider conﬁnement schemes such as magnetic
conﬁnement fusion (MCF) and inertial conﬁnement fusion (ICF).
To realize MCF such as at the international thermonuclear experimental reactor (ITER) and DEMO, the
properties of wall materials should be known to design and construct the systems. A divertor wall, which
sustain buildup of fusion products and impurities in the vessel lining, is one of the key devices. However,
the divertor is irradiated by highly energetic particles from fusion plasma. The heat load on the divertor for
ITER is estimated to be 10 MW/m2 at a steady state and 1000 MW/m2 in plasma disruption and mitigated
edge localized modes (ELMs) [1, 2, 3, 4]. Up to now, the heat load on the divertor in previous MCF systems
has been unreached parameter. Thus, to predict properties of the divertor under these heat loads, several
experiments have been performed using electron [5] or plasma guns [6, 7], or intense laser intended to
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
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reproduce relevant heat ﬂuxes [8]. These experiments have mainly been employed to evaluate metallurgical
characteristics of the tungsten divertor. However, to predict the performance of the tungsten divertor in MCF,
we should analyze not only metallurgical properties but also thermophysical properties of ablated tungsten.
In ICF, the target structure aﬀects ignition due to hydrodynamic compression of the fuel. Based on
comparisons of the implosion dynamics by diﬀerent equation-of-state (EOS) models, the maximum density,
the ρR, and the time of maximum compression are inﬂuenced by the discrepancies in EOS models in the
warm dense matter (WDM) region. On the other hand, a cone guide is used for the fast ignition scheme of
ICF because of the eﬃcient heating to compressed DT fuel [9]. This fast ignition scheme of ICF requires
timing the irradiation of heating laser and transport of laser-generated fast electrons. The coupling eﬃciency
of laser energy to these fast electrons and the energy deposited in the fuel should be improved by optimizing
the cone material and its electrical resistivity in the ablated state. Thus, we should conﬁrm the electrical
resistivity of the ablated cone material.
To clarify these topics, we should understand the physical properties of WDM. WDM physics is applied
when the density ranges from 10−3ρs (ρs is the solid density of matter) to 10ρs and the temperature ranges
from 0.1 eV to 10 eV. WDM oﬀers the possibility for scientiﬁc exploration of the properties of plasma
at high densities and moderate temperatures. In WDM, the Coulomb interaction energy between particles
sometimes exceeds the thermal energy kBT .
Recently, a number of theoretical approaches have been developed. They include quantum molecu-
lar dynamics (QMD) simulations [10, 11, 12, 13] to evaluate electron correlations and statistical methods
[14, 15, 16] for estimating the degree of ionization and the degeneracy of plasmas. Furthormore, we have
been able to produce the warm dense state in the laboratory using various experimental methods, such as
ultra short pulse lasers, heavy ion beams, and pulsed-power discharges [10, 17, 18, 19, 20, 21, 22, 23, 24,
25, 26, 27, 28, 29]. We should experimentally evaluate the WDM state as a function of the thermodynamic
parameters, particularly, density, temperature, internal energy, and pressure. Advantages of WDM state gen-
erated by pulsed-power discharges compared to that by the other method are ease of evaluation of resistance
by direct measurements and simpliﬁed sample structure as an axial symmetrical plasma.
For this paper, we experimentally investigated transport properties of WDM for the thermonuclear fu-
sion. To understand the thermal conductivity of the divertor in MCF, we evaluated thermal conductivity as a
function of normalized parameters: a degeneracy parameter for electrons and a coupling parameter for ions
and electrons. To evaluate the electrical resistivity in WDM gold, we measured the electrical resistivity as a
function of internal energy.
2. Thermal conductivity evaluation of the divertor in MCF
To prolong the lifetime of the divertor, it should be composed of tungsten. Fusion plasma is sensitive
to ablated tungsten because of radiative losses associated with high- Z impurities; therefore, we should
understand the eﬀects induced by the ablated tungsten. The ablation plasma evolves through a warm dense
state in which coupled ions, degenerate electrons, and the liquid-vapor phase transition should aﬀect thermal
conductivity. Typically, for WDM in the case of MCF, the temperature of tungsten vapor is estimated to
be approximately 6000 K because of vaporization from the divertor wall. The density of tungsten vapor
depends on the expansion regime from the divertor wall to the core plasma. In this study, we focus on a
region of near the divertor wall when the divertor is irradiated by highly energetic particles from the fusion
plasma. To understand transport properties, thermal transport and heat capacity in ablated tungsten should
be evaluated using semi-empirical approaches.
The warm dense state is characterized by the ion-electron coupling parameter Γei and the degeneracy
parameter θ for electrons. Here Γei is a measure of Coulomb interactions and is deﬁned as the ratio of the
average Coulomb interaction energy to the average kinetic energy
Γei =
Ze f f e2
4π0akBT
, (1)
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Fig. 1. Dependence of degeneracy parameter θ on semi-empirically evaluated thermal conductivity of tungsten.
where a = (3/4πni)1/3 is the ion-sphere radius, Ze f f is the eﬀective ion charge, kB is the Boltzmann constant,
ni is the ion density, and T is the temperature. The degeneracy parameter for electrons is given by
θ =
kBT
EF
=
2mekBT
2
(
3π2ne
)2/3 , (2)
where EF is the Fermi energy, ne is the electron density, and me is the mass of an electron.
To evaluate the thermal conductivity of ablated tungsten in the divertor of a nuclear fusion reactor, we
have determined the thermal conductivity by using pulsed-power discharges and semi-empirical estimation
[30]. The relationship between the electrical conductivity and the thermal conductivity is given by the
Wiedemann-Franz law [31] for the solid-state and plasma physics. To obtain a semi-empirical estimate for
the thermal conductivity, we use the experimentally obtained electrical conductivity as follow;
κ = LTσ =
(
π2
3
) (
kB
e
)2
Texpσexp, (3)
where, κ is the thermal conductivity, L is the Lorenz number for which the canonical value is 2.45 ×
10−8WΩ/K2, Texp is the experimentally obtained temperature, σexp is the experimentally obtained elec-
trical conductivity, kB is the Boltzmann constant, and e is the elementary charge. We found that the thermal
conductivity obtained from this method decreased by more than two orders of magnitude with decrease of
the density from the solid density of matter to the thirtieth part of the solid density; its values ranged from
0.1 to 100 WK−1m−1 at 5000 K. These results indicate that (1) thermal conductivity is important for under-
standing ablation and (2) the Wiedemann-Franz law provides an appropriate scaling across the wide density
range of the measurements when a particular set of calculated thermal conductivities might be oﬀ by an
order of magnitude or more.
The thermal conductivity κ for a two-component plasma model [32, 33] with local thermodynamic
equilibrium is expressed as
κ =
75k2BTωp
52
√
6πe2Γ3/2ei LT (θ)
, (4)
where, T is the temperature, ωp is the plasma frequency, Γei is the electron-ion coupling parameter, and
LT (θ) ∝ θ−9/2 is the generalized Coulomb logarithm with detailed collision dynamics which involves in-
teractions of electrons-ions due to the strong correlation. Thus, the thermal conductivity κ proportionally
depends on θ9/2 and Γ−3/2ei .
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Fig. 2. Dependence of electron-ion coupling parameter Γei on semi-empirically evaluated thermal conductivity of tungsten.
Figure 1 shows a dependence of degeneracy parameter θ on semi-empirically evaluated thermal con-
ductivity of tungsten. Values of thermal conductivity in Fig. 1 were obtained from the semi-empirical
evaluation in Ref. [30]. To obtain the degeneracy parameter θ, we estimated the average ionization state
using the Thomas-Fermi model [34]. The results in Fig. 1 indicate that in the intermediate degeneracy re-
gion of −1 < log10(θ) < 0.8, the thermal conductivity is almost proportional to log10(θ). However, between
the intermediate degeneracy region and the non-degenerate region near log10(θ) = 1, the thermal conductiv-
ity has a point of inﬂection. This suggests that, in this region, the number of degenerate electrons may be
drastically reduced and that of free electrons may also be reduced.
Figure 2 shows a dependence of electron-ion coupling parameter Γei on semi-empirically evaluated ther-
mal conductivity of tungsten. The ﬁgure shows that the intermediate region for the electron-ion coupling
parameter near log10 Γei ∼ 0 corresponds to minimum thermal conductivity. Thus, the correlations between
electrons and ions aﬀects dependence of thermal conductivity. To clarify the dependence of thermal con-
ductivity on density and temperature, we will develop an experimental observation method for measuring
thermal conductivity.
3. Electrical resistivity measurement for ICF
Critical to fast ignition [9] is the transport of laser-generated fast electrons and their associated heating of
compressed DT fuel. The coupling eﬃciency of laser energy to these fast electrons and the energy deposited
in the fuel should be improved by selecting appropriate cone materials. To improve coupling eﬃciency, we
should consider the behaviors of unstoppable, unejected, and diverging fast electrons. For WDM in ICF, the
temperature of the cone is from a few K to a few million K, and the density of the cone is approximately
the solid density of the cone material on a few ps of timescale. The transport of fast electrons in the cone
depends on the electrical resistivity of the WDM state [35].
To evaluate the electrical resistivity in WDM gold, we used pulsed-power discharges with isochoric
heating. The experimental layout is the same as that in previously published studies using pulsed-isochoric
heating conﬁned to a sapphire vessel [36]. Pulsed-isochoric heating is driven by low inductance capacitors
(6× 2 μF) with 15 kV of charged voltage, which is estimated to be enough for vaporizating of a sample. We
used the sample foam gold with a diameter of 5 mm and a length of 10 mm as the load. The inner diameter
of the sapphire capillary was 5 mm. The mass density of vapor/plasma gold in the sapphire vessel is ranged
from 0.01ρs to 0.1ρs . The electrical resistivity was evaluated from voltage-current waveforms when the
sapphire vessel was ﬁlled with vapor/plasma.
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Fig. 3. Relation between internal energy and experimentally obtained electrical resistivity for WDM gold. Red points are for ρ =
0.03ρs, blue points are for ρ = 0.05ρs, and purple points are for ρ = 0.1ρs.
Figure 3 shows the experimentally obtained electrical resistivity as a function of internal energy for
WDM gold. The results indicate that, at each density, the electrical resistivity decreases as the internal
energy increases. This behavior is similar to that observed in a previous study [37]. WDM gold has an
electrical resistivity typically 100 μΩ ·m at 0.1ρs(ρs: solid density) of density and internal energy of 1
MJ/kg. The decrease in electrical resistivity for WDM gold with increasing internal energy might improve
the transport of fast electrons during fast ignition.
4. Concluding remarks
To achieve thermonuclear fusion systems, the physical properties of warm dense matter are key pa-
rameters. In this paper, we reviewed the evaluation of physical properties in WDM using pulsed-power
discharges. To evaluate the thermal conductivity of the divertor wall in magnetic conﬁnement fusion, we
investigated a semi-empirical evaluation based on experimentally obtained values for electrical resistivity.
The results indicate that thermal conductivity has a point of inﬂection in the region between the intermediate
degeneracy and the non-degeneracy. To evaluate the electrical resistivity for the fuel target in the inertial
conﬁnement fusion, we used an isochoric heating using pulsed-power discharge in a pressure vessel has
been demonstrated. The results indicate that WDM for gold has an electrical resistivity 100 μΩ ·m at 0.1ρs
and an internal energy of 1 MJ/kg.
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